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INTi^OOuCTlON 


This report su^-mar I zes the results of investigations aimea at the 
oeve lopment of cost Tiodels to oe usea in the economic assessment of Rankine- 
powereo air oonoitloning systems for resiflential application. These investi- 
gations «ere conducted in fulfillment of TasK 3, Economic Anal yf is, of Contract 
NAS8-30753. 

The rationale used In the development of the cost model -as to; Cl) collect 
cost data on complete systems and on the major equipment used In these systems; 

(2) reduce these data and estaolish relationships oetween cost and other engineer- 
ing parameters such as -eight, size, po-er level, etc; and (3) derive simple 
correlations from -hich system cost-to-the-user can pe calculated from perform- 
ance requ irements. 

These cost models -i'l oe used for the purpose of system evaluation and 
tradeoff studies. The final cost of the selected system -III Pe determined 
more accurately through oetailed cost estimates using equipment sizes and 
proolem statements derived from the system and component analyses. 

The equipment considered in this survey includes heat exchangers of various 
types, fans, motors, and turpoco.mpressors. This Kind of hardware represents 
more than 2/3 of tne total cost of conventional air conditioners. 

A description of the system cost model follows. Further discussions are 
concerned -ith the assumptions and rationale used In the development of the 
model. The data are arranged as tney pertain to the overall system or components. 

S'J.'JWARY 

A method has oeen developed from pup I I shed cost data -herepy total system 
cost can pe determined from the cost of the major components. The following 
relationships -ere derived: 

Manuf acturer ' s price * 2. 37 (Z component OEM cost) 

User's cost » 2.86 (manufacturer's price) 

The manuf acturer ' s price includes allowances for structures and caPinets, system 
assemply, direct and indirect lator, administrative and operating expenses, 
profit, etc. The user's cost includes services provided oy the distriputor/ 
dealer and includes installation cost. 

The components considered in computing system cost include heat exchangers, 
fans and motors, pump and motor, wiring and controls, anc turpocompressor . 

;.;ocels were developed for estimating the cost of these components on an original 
equipment manuf acturer (OEM) pasis. Equipment costs furnished by various equip- 
ment maruf acturers -ere analyzed and correlated to engineering parameters such 
as heat exchanger -eight. Taole I summarizes component cost relationships. 
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table 1 


COMPON£f<T COST MODELS 
{ DOLLARS) 


Component 

1 nternat lonal Units 

Engl 1 sh Uni ts 

Heat exchangers 

Evaporator and condenser^ 
Boi ier^ 

4.0 (core weight, kg) 

7.9 (heat exchanger 
weight, kg) 

1.8 (core weight. Ip) 
3.6 (core weight. Ip) 

Fans (excluding motors) •* 

4.8 (fan weight, kg) 

2.2 (fan weight. Ip) 

Motors’’’ 

25 ♦ 32.5 kw 

25 ♦ 32.5 kw 

Pump (with motor) 

50 

50 

Turpocompressor 

100 

100 

firing and controls 

10 percent of system cost 

10 percent of system cost 


•weight calculated from neat transfer requirements. 
••Fan weight estimated from Figure 5. 

■^Motor output Kw estimated from fan power of Figure 5. 
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NWJOrt ASSUMPTIONS 


The air conoitioning industry Is highly competitive, and price information 
is very sensitive. Air conditioners are marketed from the factory through a 
system of cIstrlDutorshlps and dealerships to the consumer. List prices estao- 
II shed oy the manufacturer represent the price that the user « 1 1 1 ultimately 
pay for the equipment. List prices, however, are used mostly as a Pase from 
which the actual prices to the distriputor, dealer, and consumer are computed. 

because of tha sensitivity of the cost Information and the various data 
sources used in the development of the models, it has Peen necessary to make 
certain assumptions relative to the cost puildup from the manufacturer to 
the user. Figure 1 shows the model used to derive user's cost from the manu- 
facturer sell price. 

Normally, the manufacturer price to tne distriputor is aoout 35 percent of 
the list price. The distributor markup is roughly 100 percent to cover trans- 
portation, storage, servicing, training, profit, and other expenses. 

Discounts to the contractor amounting to 30 percent of list price appear 
to be normal. However, depending on the size of the order and the business 
arrangements between the contractor and the distributor, larger discounts can 
be negotiated. For the purpose of these investigations, the cost to the con- 
tractor was taken as 70 percent of list price (correspond ing to a 43 percent 

markup ) . 

The contractor will procure the equipment from tne distriputor, and 
real iza a profit on tne equipment; in addition, installation charges will be 

passed on to the user. As a rule, tne total contractor contripution to cost- 

to-user will pe about 30 percent of the list price. Consequently, the cost 
to the user will oe about the same as the list price. 

On the oasis of these assumptions, the Installed cost of a system can be 
computed from tne factory sell price using the correlation 

Installed cost = 2.86 (factory sell price) 

This value agrees fairly well with data derived by the General Electric Company* 
as representati ve of mass-produced air conditioning equipment. 

SYSTEM (XIST JATA 

Figure 2 is a simple schematic of a Rank ine-pcwered air conditioner. The 
major comporen fs constituting the complete system are: 

va) Heat excnang<-- — ooiler, evaporator, and condenser 

(o) Motor-driven fans — evaporator and condenser 


*"jGlar Heating and Cool no of buildings, Phase 0 Final Report,” NSF RA-N-74- 
02M, Volume 1, Executive Summary, General Electric Company, May 1974. 
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INSTALLED COST » 2.86 X (FACTORY SELL PRICE) 
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Figure 1 . 


Manutacturer-to-user Cost buildup 
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Figure 3. Conventional £ I ectr ic-D<" i ven Air Conditioner 
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(c) Turbocompressor 


(d) Motor-driven pump 


Not Illustrated are the controls, wiring harnesses, structures, and enclosures. 

The schematic also does not include any means of augmenting the solar heat 
source. The additional equipment necessary for this purpose will be considered 
later, and cost models for this hardware will be generated when the approach 
for system augmentation Is selected and the final system schematic is developed. 


Fundamental schematic and hardware differences exist between conventional 
electric-driven and rtankine-powered air conditioners (see Figures 2 and 3). 
However, much of the hardware used in both systems is the same type — condenser, 
evaporator, fans, controls, and overall package. These similarities allow 
cost data on conventional systems to be used as a basis for estimating Rankine 
system cost. A breakdown of the percentage of factory direct cost for the 
various components of residential air conditioners is listed below. These 
data were obtained from a large manufacturer of this type of equipment. 


Heat exchangers (evaporator, condenser) 

Motor-driven fans (evaporator, condenser) 

Motor-driven compressor 

miring and controls 

Structure and enclosures 

System assemb I y 

Total direct cost 


14 percent 
21 percent 
25 percent 

10 percent 
19 percent 

1 1 percent 
100 percent 


The factory direct cost is defined as the actual expenditures directly 
related to the fabrication of a system, inoluding the cost of maferials, shop 
labor, and shop setup for a production run; it does not include shop overhead, 
administrative expenses, or profit. 


The class of equipment for which the cost breakdown is listed above is 
represented by air conditioners in the capacity range from 1-1/2 to 5 tons. 
These air conditioners are designed primarily for the residential market. 
Since minimum cost is a design goal, these units feature relatively low heat 
exchanger effectivenesses with approach temperatures between 269.3 and 272 K 
(25 and 30*F). COP'S at standard ARI conditions* between 1.6 and 2.0 are rep 
resentative of this class of equipment. 


•Ambient air temperatures: 308.2 K (95*F) db and 297 K (95®F) wb 

Return air temperatures: 299.8 K (80*F) db and 292.6 K (67“F) wb 
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Small capacity air oonc I r loners of nigner quality also are available with 
COP'S as blgh as 4.0. Tne nlghe^ performance of tnese units Is achieved through 
the use of larger heat exchangers and a higher capacity condenser fan; tne com- 
pressor and controls are tne same as for tne lower cost units. The equipment 
"ost presKdown tor tnese units is slightly different from mat of tne lower 
pe''formance units, with a larger portion of the total cost contrlputed by the 
heat exchangers and fans. However, tne fraction of tne cost attrlputable tq 
the structure and enclosures is roughly the same as tha* listed above (19 per- 
cent). The portion of the cost reflecting assembly labor (11 percent) also 
will remain about tne same. 

As will be discussed later, me cost of neat exchangers and fans is directly 
related to tneir weight and siie. Since tne major portion of a system in terms 
of bulk and weight Involves me heat exchangers and fans, it is reasonable to 
assume that the 19 and 11 percent contribution of structure/enclosures and 
assembly also will appi < to rlanklne air conditioners. It is imporrant to note 
here that the heat exchangers of sol ar-powered air conditioners will be designed 
for higher effectiveness than conventional systems. However, the relationship 
should hold since the weight, size, and cost of the heat exchanger-fan subassem- 
bl ies are me determining factor in establishing system level weight and costs, 
even for conventional systems. If follows that system factory direct cost can 
be determined from the 0£M cost of tne components using the relationship 


System factory direct cost « ;r— y (j; component OEM costs) 

Tne factory sell price can pe cetermlned from the factory direct cost by 
including overhead and markup. The fol lowing factors were considered in estab- 
lishing factory sell price: 

(a) Labor consitutes about 11 percent of the total system cost for 
systems in the 7.0- to 10.5-kw (2- to 3-ton) capacity range 

(b) Shop overhead is estimated at 2.5 times me direct labor cost so 
that Shop overnead can be approximated by 

Shop overhead » 0.275 (factory direct cost) 

(c) A 30 percent markup was used to cover administrative expenses, 
engineering, accounting, profit margin, etc. Using mese factors, 
the factory sell price ot a system can oe calculated from 

Factory sell price * 2.37 (H component OtM costs) 

The cost of a number of conventional eiectr ic-dri ven air conditioners was 
compiled from ranuf acrurers ' ca'Tal agues. The actual factory sell price of such 
equipment was approximated using the rel at ionsh i ps discussed previously (see 
Figure I). Tnese cost data were correlated using weight as me reduction fac- 
tor. It was found trat of the 36 air conditioners considered, tne list p-Ices 
varied between S4.50/xg to i5.50/xg ($2.00/lo to i2.50/lb) correspond ing to 
factory sell p-'ices lower than f2.50/xg (51.00/io). As discussed previously, 
tnis relationsnip holds for a given class of residential equipment. 
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Jat j for larger capacity units may differ consideraoly. Higher ef fact i veness 
units «ill t» somewhat more expensive since the hign cost components (heat 
exchangers ano fans) will oe larger, thus driving the cost of the entire pack- 
age up. 

COMPONENT COST DATA 

Previous discussions have shown that system costs can Pe estimated If the 
cost of the major system components are known. The cost of components will pe 
determined primarily py the cost of tne materials used in faprication and py 
the laPor cost as affected py the design sophistication of the equipment. 

The following discussions are concerned with the cost models that were 
developed to characterize heat exchangers, pumps, turpomach Inery, fans, and 
motors. 

Heat Exchangers 

Two types of heat exchangers will pe used In Hanklne-powered air condi- 
tioners: finned tuoe units for the evaporator, and the condenser and shell and 
tuoe units fo' tne Doiier. 

The finned tuPa units consist of copper tubing staggered in the direction 
of the air flow witn wavy aluminum fins mechanically ponded to the tubes on 
the airsioe. These fins enhance tne alrside conductance of the unit so that 
heat transfer conductances on both sides are approximately equal for a conden- 
ser or evaporator operating under typical conditions. 

Detailed data provided Py heat exchanger manuf acturers indicate that the 
quantities of copper (for the tubes) and aluminum (for tne fins) used in the 
faprication of a typical core are approximately the same. The quantity of 
steel used for the frame will varv consideraoly, depending on tne size of the 
unit and on the particula* package design. A rough approximation for low capa- 
city neat exchangers is that tne weight of the frame will represent aoout 10 
percent of the total unit. Current prices for these materials are: 

Copper tubing $2. 93/kg (SI. 33/10) 

Aluminum sheet SI. 28/kg (S0.58/lo) 

Simple steel sections $0. 43/kg (SO.22/10) 

Comoining the prices with the weight relationships above yields an average 
specific cost of SI. 95/kg (i0.89/lp). 

The factory total cost of such a unit includes the following elements: 

Material cost 
Labor cost 
Setup cost 
Shop overhead 
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•^lationships nave oeen estaollsned mat sno* tnat tne last tnree cost cate- 
gories represent 30 percent of the total cost ot a typical unit. Thus the 
following relationsnip can oe written: 


Factory total cost 


Material cost 

oTT 


Manufacturer markup, including admin I st' st I ve and operating expenses other than 
factory. Is aoout 30 percent; so the factory sell price can oe computed from 
tne core weignt (or core volume) of a heat exchanger py 


Heat exchanger 4.0 (HX core weight, kg) 

factory sell price, ■ or 1.8 x (HX core weight. Id) 

do I lars 


In turn, the core weight can De determined from the performance requirements 
for the unit. 

The shell and tufce units that will De used as Do tiers consist of copper 
tuoes Incorporating extenced surfaces within the tuDe to maximize the heat 
transfer conductance within tne ,tuDc where the working fluid is evaporated. 

The entire unit is fapricated of copper and Drass. The cost of tne units is 
estimated in a fashion similar to tnat of tne finned tuoe units. Original 
equipment manufacturer 's price for tne finned tuDe is $i.64/m ($0. 50/ft). 

The factory cost for this type of neat e>.changer is estimated at 56.95/kq 
(S2./5/ID) of heat exchanger. Factory sell price is aoout i7. 90/kg (S3. 60/ ID) 
for an all-copper alio; unit. 

The weight of the unit can oe determined from the heat transfer area 
necessary to satisfy thermal requ i rements. 

Hefrige''anT Pumps 

Preliminary estimates c‘ the refrigerant pump requ irements indicate that 
in the specific speed range of interest, a centrifugal pump would nave a pea< 
efficiency lo*er than 20 percent. 3y comparison, a small vane pump in tne size 
of interest (3500 rpm. Ns < 300, 2 to 4 gpm) is availaole comnerc I a 1 1 y. The 
original equipment manufacturer price on this type of pump is aoout $20 for 
the pump element itself, with a canned motor to eliminate leakage, the entire 
assemoly oost is estimated at aoout $40. Slightly lower prices cojIo oe oDtained 
with very large production quantities (in excess of 100,000 units per yes'*). 

Turpocompressors 

Cost data on turboconpressors of consiceraole aerodynamic soph i st i cat ion 
were ODtained from the Ai^esearch Industrial Division (AID) of The Carrett 
Corporation. Tne current AID turpocompressor yearly production level is 350.000 
units. Aoout half of these are a single model, with the remainder representing 
various models. Figure 4 is a plot of turoocompressor cost as a function of 
production rate. The plot was ODtained Dy comoining current AID production data 
with estimated data for very large quantities. 
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Figure 4. Turoocompressor Cost Data 
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In tn« case of the turoochargar , material cost is a small oortlon of tne 
total cost ot the unit. This may not oe true ot very large proouctlon orders. 
One important oesign consldei .rion is the low temperature level ot the turpine 
and compressor. Posslply the use ot plastic as construction material could 
otter the potential tor significant cost reductions. Detailed cost estimates 
tor the turpomachl tery aiii pe developed later In Task 5 ot the program. For 
the purpose ot system comparison, a unit price ot SI 00 per unit will pe used. 

Fans and alowers 

The type ot tan or plower selected tor a particular application depends 
primarily on pressure rise and flow requirements and cost. Generally, squirrel 
cage plowers are used. This type ot piower can pe designed to cover a wide 
range ot flow rates, up to 12mi/sec (25,000 ctm) over a range ot pressure rise 
from 0 to 1.24 kN/m^ (5 ir». H 2 O). Squirrel cage plowers are relatively ineffi- 
cient In the size normally used In residential systems. Low capacity plowers 
less than 0.71m^/sec (I5C0 ctm) are marketed with etticlencles petween 20 and 
40 percent. Larger capacity units useo primarily in commercial and Industrial 
applications nave etticiencies as high as 65 percent. 

For high flow rates and l?w. pressure rise (less than 124 N/m2 (0.5 In. H 2 O), 
tuDe axial tans can pe used. The peak efficiency of these tans Is generally 
lower than that of tne squirrel cage plowers. This type of tan Is rathe*' waste- 
ful of energy and will not pe considered further. 

For high flow rates whe*'e tan efficiency is more Important, vane axial 
tans are often preferred. This type of tan can pe designed to cover tne range 
of flows and pressure rise attainacie with squirrel cage plowers. The effi- 
ciency ot these tans is si gr. 1 1 leant I y higher — as high as 70 percent. Cost also 
Is higher py a factor of aPOut i.5. 

For the application under consideration. It Is i*nportant to minimize para- 
sitic power usage (tar and pump motors), which could easily amount to 1 kw of 
continuous power tor a 3-ton unit. To accomplish this, an investigation was 
conducted to characterize tans In terms of weight, size, rpm, and power require- 
ment. The type ot fan selected is a vane-axial tan for the entire range of 
flow rates (0 to 2.35 m^/sec (5000 ctm)) and pressure rise (124 to 1240 N/m2 
(0.5 to 5 in. H 2 O) ) considered. The tan character i st ics are shown in Figure 5. 
The data shown are paseo on tan etticiencies of 70 percent over the entire 
range of flow and pressure rise considered. The weight data ot Figure 5 
are tor units o^ steel construction and 00 not include tne weight of tne motor 
necessary to drive tne tan. 

Manufacturers ' catalogues ana price Il'ts were used to determine fan cost. 
The OEM cost of tans (s'^’sel units) can pe approximated an $ 3 . 30/kg ($1.50/ Ip) 
tor squirrel cage anq $4. 80/kg ($2. 20/ IP) tor vane axial tans. The latter 
value will pe used in estimating tan cost from tne weight data. 

Electric Motors 


Electric motors tor driving tans ano plowers of residential air condition- 
ers will oe designed tor operation from a single-phase 60 Hr, 115/230 v source. 
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Common speeds tor these motors will depend on the number of poles as 
fol lows: 

2 poles 5450 rpm 

4 poles 1725 rpm 

6 poles 1140 rpm 

8 poles 650 rpm 

Detail matching of the system fan and motor is beyond the scope of the 
current work. Generally, the fan speed charactt.'' 1st Ics should be selected to 
match the torque-sp**ed input of a given motor in order to reduce cost. The 
type of motor selected for a particular application will depend on the star'^- 
Ing torque character istics desired ano rne efficiency of the motor. The selec- 
tion of a motor involves tradeoffs between direct and belt drive approaches 
to assure optimum efficiency and minimum cost. 

Figure 6 is a plot of original equipment manufacturer .(OEM) prices of 
small electric motors, up to 1 . 1 kw (1.5 hp) output. Data are given for various 
speed motors, and for units designed for shaft-mounted or belt-driven fans and 
blowers. 

The cost of a direct-drive motor is higher than that of a unit designed 
for a belted fan; howeve'’, the cost of the drive set should be added to that 
of the motor In determining overall cost, in the power range of Interest, the 
OEM price of belt drives is estimated at about il5. Examination of figure 6 
shows that total cost of the motor and belt drive system could be higher than 
that of a direct drive motor. 

The efficiency of cc'^merc i a i motors of the size and type considered here 
(permanent split capacitor motors) will range from 50 to 60 percent. Efficiency 
improvement;, are possioie and highly desirable in order to reduce the auxiliary 
power required for operation of a Ranx ine-dr I ven air conditioner. However, 
such improvements will result in higher cost. Detailed evaluation of this factor 
will be conducted as part of the system optimizat'on tasks. 

For the purpose of system selection and parametric analysis, belt-drive 
motors will be assumed to permit fan operation at the optimum speed. Hiqh 
efficiency fans of *;mal I capacity require high rotational speed. The 1725-rpm 
motor Curve of Figure 6 will be used; a $15 allowance will oe made for the belt 
drive. 


astern Controls 


Cost of controls and wiring harnesses represents only a small portion of 
the total system cost, as noted previously. In a Rank ine-powered air condi- 
tioner, tne control system will oe somewhat more oomplex mnan tnat of a conven- 
tional unit. Here, controls will be necessary to (a) activate the liquid pump 
and fans, (0) provide overspeed protection for tne turbomachinery, (c) control 
the speed of tiie turoocompressor according to a preset schedule to prevent 
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compressor surge, and (d) switch on (and oft) the auxiliary equipment to supple- 
ment the system wnen solar thermal energy is not sufficient to drive the system. 

At this time, controls constitute a gray area that oil I not pe defined 
until the entire system concept is developed and optimized. For a first approx- 
imation, the cost of controls and wiring harnesses wiii oe taken as 10 percent 
of the total system cost. This value may oe somewha* conservative for large 
systems. Out Is adequate for modeling systems in the capacity range of 7.0 to 
10.5 Kw (2 to 3 tons). 
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